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The Férster Resonance Energy Transfer (FRET) method has wide application in modern science
for studying protein—protein interactions and conformational changes. FRET allows to assess mo-
lecular interactions by measuring energy transfer between acceptor and donor fluorophores cou-
pled to the molecule(s) of interest. The method demands high precision in experimental design,
experimental settings and correct data interpretation. Therefore, we tested several parameters to
estimate FRET measurement accuracy in our Nikon wide-field fluorescence FRET system. The
experiments were performed in a HEK-293 cell line transfected with DNA constructs expressing
Calcium Release-Activated Channel (CRAC) subunits STIM1 and ORAI1 coupled to donor fluoro-
phore Cyan Fluorescent Protein (CFP) and acceptor fluorophore Yellow Fluorescent Protein
(YFP), respectively. Exposure time and approach of data analysis varied throughout experiments
in order to optimise FRET data quality. Dependence of FRETeit values on measurement quality
and donor/acceptor fluorophore ratio in the cells was estimated. We demonstrated that, using the
wide-field fluorescence FRET system, minimising the exposure of fluorophores before measure-
ment using neutral density (ND) filters considerably minimises undesirable photo-bleaching of the
fluorophores. There was a strong correlation between the CFP/YFP ratio in the cells and the ob-
served FRET level, suggesting that only cells with certain donor/acceptor ratio might be compara-
ble. We also showed impact of FRET measurement quality, defined as accordance of FRET
pixels to Gaussian distribution, on FRET artefacts. Knowledge obtained during our experiments
may be important for approbating similar wide-field fluorescence FRET systems to study two sep-
arate molecule interactions and for understanding the correct setup of the experiments and data
interpretation.

Key words: Calcium Release-Activated Channel (CRAC), Férster Resonance Energy Transfer
(FRET), HEK 293, YFP, CFP.

INTRODUCTION

The Forster Resonance Energy Transfer (FRET) method for
studying interaction of molecules located at distances 10 nm
or less was first described over 50 years ago (Lankiewicz et
al., 1997). FRET can be used as a quantitative light micros-
copy method allowing detection of close molecular interac-
tions in living cells, which are beyond optical light resolu-
tion (Sun et al., 2011; Shrestha et al., 2015). It has wide
application in modern science in biomedical research and
drug discovery when studying protein interaction and con-
formation changes in cells (Li et al., 2006). The principle of
FRET is energy transfer between an excited fluorophore
(donor) and another closely situated fluorophore (acceptor),
which can be excited with emission spectra of the donor
fluorophore (Chen et al., 2003). Protein or protein domain
proximity can be measured and physical interactions ana-
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lysed using a fluorophore pair bound to the proteins of in-
terest, e.g., Cyan Fluorescent Protein (CFP) as a donor
fluorophore bound to one protein domain and Yellow Fluo-
rescent Protein (YFP) bound to another protein or domain
as an acceptor, which can become excited from the emis-
sion spectra of the donor (Periasamy et al., 2008).

The FRET method requires precise identification of the cor-
rect setup for the experiments, measurements and data inter-
pretation. The so called “cross talk” is a common artefact in
FRET, whereby either acceptor can be directly excited from
the wavelength used to excite the donor fluorophore or
when the donor’s emitted light contributes to the readout of
the acceptor’s emission measurement (Lee et al., 2005).
Berney and Danuser (2003), using a glass coverslip-ad-
sorbed fluorophores, found that the donor/acceptor fluores-
cence intensity ratio (Rp,) is important for correct FRET
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measurement. Ry, 1-20 has been found to give the most ac-
curate FRET ¢ values, while for Ry, 20 the efficiency
tends to zero and for Ry, plain 1 the efficiency reaches a
plateau where changes in R, have minor effect on the
FRET,. Moreover, for correct assessment of distance be-
tween the acceptor and donor, it is important to take into ac-
count the geometric factor x2, which characterises the ori-
entation of the donor dipole relative to the acceptor dipole
(Lakowicz, 1999). In our study, we aimed to assess the de-
pendence of FRET ; quality on Ry 5 in living cells in vitro,
not in situ.

FRET microscopy set-ups for studying two separate mole-
cule interaction are more challenging than in experiments
with single molecules labelled with both donor and acceptor
fluorophores. Particularly, this may be because of difficul-
ties to reach similar donor and acceptor-labelled molecule
ratios in the cells. In this methodological study, we chose
the well-characterised Calcium Release-Activated Channel
(CRACQC), consisting of ORAIl and STIM1 subunits, as a
model for studying two separate molecule FRET settings
and output in a widefield fluorescence microscope FRET
system. Store-operated calcium channels (SOC), including
CRAC, are major pathways for calcium signalling and serve
many functions in cells and tissues — gene expression, se-
cretion, and immune response (Berridge et al., 2003). STIM
proteins are located in endoplasmic reticulum (ER), being
Ca2+ sensors, and, after activation by depletion of ER Ca2+
store, approach ORAI proteins situated in the plasma mem-
brane and form an ion channel (Gudlur et al., 2013). These
ion channels have an important role in human immune cells
(T cells, mast cells, NK cells, B cells) (Feske et al., 2010).

The aim of this study was to identify the most optimal con-
ditions for studying two separate molecule interaction using
a wide-field dual-detector FRET system and to characterise
the quantitative parameters influencing the FRET data qual-

1ty.

MATERIALS AND METHODS

DNA constructs. The DNA constructs used in this study
were kindly donated by Prof. Christoph Romanin (Johannes
Kepler University Linz, Institute of Biophysics, Austria)
and had been described previously (Muik ez al., 2008).
Briefly, the constructs contained the following proteins and
coupled fluorophores: 1) STIM1-CFP; 2) CFP-STIMI;
3) YFP-ORAIL; 4) CFP-YFP; 5) CFP; 6) YFP. The plasmid
constructs were used for expression of the corresponding
proteins, which form CRAC ion channels, as was detected
by FRET.

Cell culturing and treatment. HEK 293 cell line was cul-
tured using DMEM with High Glucose supplemented with
10% FCS, glutamine (2 mM), penicillin, and streptomycin
(all from Thermo Scientific, USA). For FRET measure-
ments, cells were seeded on poly-L-lysine-coated (Boster
Biological Technology, USA) glass coverslips until
70-90% confluence and then transfected with plasmid vec-
tors using Lipofectamine LTX with Plus Reagent (Thermo
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Scientific, USA). Ten minutes before FRET measurements,
cells were washed with PBS and 2 uM thapsigargin (TG)
(Alomone Labs, Israel) was applied to induce endoplasmic
reticulum calcium depletion, which was necessary for clus-
tering between STIM1 and ORAIIL. Control samples were
washed only with PBS containing no TG.

Forster Resonance Energy Transfer (FRET) Fluores-
cence Microscopy. An Eclipse Ti-U wide-field fluores-
cence microscope (Nikon, Japan) connected to two iXon
Ultra EMCCD monochrome cameras (Andor, UK) and a
dual port adapter (dichroic, FF509-FDi01-25x36; cyan
emission filter, FF01-475/28; yellow emission filter,
FFO01-550/49-25; Semrock, USA) was used for recording
fluorescence images. The wavelengths were selected by fil-
ters FFO01-427/10-25 (CFP excitation spectrum) and
FF01-504/12-25 (YFP excitation spectrum) (Semrock,
USA) mounted in a fluorescent light source Lambda DG-4
(Sutter Instrument, USA). NIS Elements software (Nikon,
Japan) was used to acquire images, calculate FRET (sensi-
tized emission method) and to control the FRET system. II-
lumination times of about 200-300 ms were used for ac-
quiring images. Before acquiring images with full
fluorescence intensity, the cells were positioned and fo-
cused using neutral density (ND) filters 4 and 8 (total den-
sity 32) to minimise the fluorophore bleaching. The cells
were positioned and focused for 3—5 seconds using ND fil-
ters before full intensity light image acquisition was done.
Before the corrected FRET image (FRET, ) was calculated,
calibration with the single fluorophore control sample im-
ages was performed with NIS Elements software to correct
calculations for cross-talk and cross-excitation. The
FRET . was calculated after background subtraction. Expo-
sure time and approach of data analysis varied through ex-
periments in order to optimise FRET data quality.

Statistical analysis. Comparison of means between differ-
ent groups was performed using mainly one-way ANOVA.
Brown-Forsythe and Bartlett’s tests were applied to deter-
mine whether the collected data had Gaussian distributions.
Unequal SD comparison of medians between different
groups was performed with the Mann-Whitney test (Fig. 1)
or one-way ANOVA on ranks or Kruskal-Wallis test fol-
lowed by post-hoc analysis (represented in Figs. 2, 4, and
5). The two-stage step-up method of Benjamin, Krieger, and
Yekutieli was used in all cases as post-hoc analysis. The
Pearson test was used for correlation assessment. For cate-
gorical data, the x2 test was used. Results were expressed as
median and + IQR (interquartile range) as a dispersion char-
acteristic. A p-value less than 0.05 (p < 0.05) was consid-
ered as statistically significant. All the graphs, calculation,
and statistical analyses were performed using GraphPad
Prism software version 7.0 for Mac (GraphPad Software,
San Diego, California, USA).

RESULTS

In the first experimental setting, we obtained following
FRET values: CFP-STIM1 + YFP-ORAIl w. TG 0.09%
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[0.035-0.18 IQR] vs. STIMI-CFP + YFP-ORAIl w. TG
1.69 % [0.39—4.91], p < 0.0001 (Fig. 1). The FRET sample
STIM1-CFP + YFP-ORAII w. TG had 60% (n = 32) of the
measured cells with relatively high FRET values (FRET
> 1.0) comparing to the control CFP-STIM1 + YFP-ORAI1
w. TG which had only 10% (n = 3) cells in this FRET
range (p < 0.0001 according to x2 test).

In the next experimental setting with ND filters (Fig. 2A),
initially we observed high background FRET  levels and
broad distribution in the control sample CFP-STIMI1 +
YFP-ORAII with TG (3.58% [2.24-7.16]), compared to
CFP-STIMI + YFP-ORAI1 without TG which had FRET ¢
1.09% [0.81-1.50], p < 0.0001. Then, only good quality
Gaussian pixel distribution measurements were chosen for
analysis, giving the following FRET ¢ results: CFP-STIM1
+ YFP-ORAI1 without TG 0.885% [0.66—1.1], CFP-STIM1
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Fig. 1. CFP-STIM1+YFP-ORAIl with TG (control) and

STIM1-CFP+YFP-ORAI1 with TG. Low FRETcfs values in the red area
(0.0001-0.1%), relatively high FRET values in the green area (0.1-100%).
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+ YFP-ORAI1 with TG 1.5% [1.01-2.14], STIM1-CFP +
YFP-ORAII without TG 4.79% [3.04-5.38] and STIM1-
CFP + YFP-ORAI1 with TG 7.8% [5.69-8.83] (Fig. 2B).
An example for different quality cell images and the corre-
sponding FRET  pixel distribution is illustrated in Figure
3.
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Fig. 3. Quality of the image and FRETest
pixel distribution in cells. Purple pixels show
low FRET signal, while blue pixels show in-
creased. Quality group O: a cell with FRETeff
pixels that fit Gaussian distribution. Quality
groups 1 and 2: cells with FRETe¢f pixels not
conforming to Gaussian distribution: slightly
or strongly, respectively.

Positive and negative controls were also introduced. The
median values of positive and negative controls were
35.41% [31.56-37.19 IQR] (n = 40) and 0.29%
[0.075-0.517] (n = 72), respectively (Fig. 4). The control
samples of CFP-STIM1 + YFP-ORAIl without and with
TG, both not able to form CRAC channel and FRET, gave
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We assessed the effect of quality group on FRET
artefacts. Positive control showed no significant differences
between groups (Fig. 5F). In the negative control (CFP +
YFP, Fig. 5G), FRET,; value in the quality group 2 is
3.43% [1.625-10.66 IQR] (n = 26) comparing to quality
group 1 (0.14% [0.015-0.4], n = 12, p < 0.0001) and group
0 (0.16% [0.025-0.565], n = 37, p < 0.0001). In the
CFP-STIM1 + YFP-ORAII control sample (Fig. 5H), me-
dian FRET,.; value in quality group 2 is 1.93%
[1.285-3.305 IQR] (n = 13) comparing to practically nega-
tive FRET ;; values in quality group 1 (0.06% [0.03-0.875],
n=9, p0.0001) and group 0 (0.24% [0.1-0.4], n =71, p <
0.0001). In the STIM1-CFP + YFP-ORAIl + TG sample
(Fig. 5I), the median FRET  value (11.37% [6.405-19.17
IQR], n = 41) in quality group 2 is double comparing to the
0 and 1 group: quality group 1 has median FRET,; 6.63%
[1.63-9.323] (n = 18, p 0.016) and group 1 has median
FRET ; 4.46% [2.81-4.485] (n =22, p < 0.0001). Also, in
the STIM1-CFP + YFP-ORAII sample without TG (Fig.
5J), the quality group 2 has significantly higher values —
9.63% [6.92-12.75 IQR] (n = 25) comparing to group 1
(5.51% [3.89-6.89], n = 11, p 0.016) and group 0 (5.31%
[2.225-7.245], n = 9, p < 0.002).

DISCUSSION

In order to optimise the FRET protocol for studying two
separate molecule interactions in a setting of wide-field
fluorescence microscope and two Andor EMCCD cameras,
we performed experiments using different experimental ap-
proaches. First, we performed an experiment with maxi-
mum fluorescence illumination during the whole process.
During the next experiments, we used minimised fluores-
cence illumination intensity during the cell localisation and
focusing stage but full intensity during the image capturing.
We also introduced data sorting according to the FRET sig-
nal quality estimation. Lastly, we analysed the dependence
of FRET values on fluorescence intensity ratio of CFP and
YFP fluorophores and on data quality. Cells transfected
with STIM-CFP + YFP-ORAIl were used as the sample
were FRET is expected, and cells transfected with CFP-
STIM + YFP-ORAII as a control sample, since the N part
of STIM1 is located inside ER lumen and cannot interact
with YFP that is coupled to ORAII. Both cell samples were
treated with 2 uM TG to induce ER calcium store depletion,
which induces clustering of ER membrane-bound STIM1
and plasmatic membrane-bound ORAII.

In the first setting (Fig. 1), using full fluorescence intensity
during both focusing and measurement, the obtained FRET
values were very low, although there were still significant
differences between the control and FRET-forming sample.
Although the values were low, which can be explained by
bleaching of reagents when focusing the cells with full fluo-
rescence intensity before measurement, the FRET sample
STIM1-CFP + YFP-ORAI1 w. TG had most cells (60%)
with relatively high FRET, while the control sample had
only 10% of the cells in this FRET range.
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In the next experimental setting, two neutral density filters,
ND4 and NDS (total effect 32x less light throughput), were
used during positioning and focusing of the cells. The time
spent for positioning and focusing the cells was minimised
to 3-5 seconds. As a result, we obtained considerably
higher FRET,; values due to more intact fluorophores (Fig.
2A). However, we observed that the FRET, values had a
broad distribution and CFP-STIM1 + YFP-ORAII with TG
sample gave high FRET 4 values not expected from a con-
trol sample. Therefore, we decided to sort the FRET . val-
ues according to distribution of FRET ¢ pixels. According
to Muik ef al. (Muik et al., 2008), the frequency distribution
of FRET ;; pixels must conform to a Gaussian distribution
to be considered good quality measurements. As conformity
to Gaussian distribution curve is arbitrary, we provide ex-
amples of quality classes in Figure 3.

We noticed that generally cells with good FRET ¢ Gaussian
distribution had a high contrast image in both channels,
with low background and relatively high fluorescence inten-
sity (Fig. 3). After sorting out FRET measurements not con-
forming to a Gaussian distribution, there was a more clear
difference between control and FRET samples (Fig. 2B).

Next, in a set of three independent experiments, we intro-
duced additional plasmids encoding either CFP and YFP
linked by a peptide or CFP and YFP expressed as separate
proteins (Fig. 4). These served as positive and negative con-
trols, respectively, since linked CFP and YFP always result
in a FRET effect, while cells transfected with free-floating
CFP and YFP should not result in FRET, since the fluoro-
phores are generally more distant that 10 nm. As a result,
we obtained the minimal FRET value as a reference for ab-
sence of FRET and the maximal FRET value for constant
FRET (Fig. 4). The FRET-forming STIM1-CFP + YFP-
ORAI1 samples showed increased FRET levels in both
TG non-stimulated and TG—stimulated samples (Fig. 4). We
see that the cells not stimulated with TG also expressed
high FRET 4 values. This might have happened due to ER
calcium depletion driven by other factors than TG: e.g., re-
ceptor signals or biochemical signals (Hawkins et al.,
2010).

To understand the factors influencing FRET ¢ values, we
analysed the dependence of FRET ¢ on fluorescence inten-
sity ratio of CFP and YFP fluorophores (Fig. 5, A-E) and on
quality of the FRET ¢ pixel conformity to a Gaussian distri-
bution (Fig. 5, F-J). The quality group O included only
FRET,; values made by pixels with Gaussian distribution.
Quality group 1 had a relatively poorer Gaussian distribu-
tion of FRET ¢ pixels than group 0. Quality group 2 con-
tained FRET ; pixels showing clearly disturbed Gaussian
distribution (see example of group 0, 1 and 2 curves in Fig-
ure 3).

According to the results, there is an obvious dependence of
FRET; value on CFP/YFP ratio (Fig. 5, A-E). Naturally,
we do not see this correlation in negative (CFP + YFP, Fig.
5B) and CFP-STIM1 + YFP-ORAIl (Fig. 5C) controls
since these samples had only a very low, basal FRET . sig-
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nal which can be considered as a negative control for the
experiment in both cases.

A higher donor/acceptor fluorophore ratio resulted in lower
FRET . This observation was consistent with the study of
C. Berney and G. Danuser (Berney and Danuser, 2003) that
also showed decrease of FRET gy values with higher
CFP/YFP ratio in cells. Higher FRET ¢ in lower CFP/YFP
samples might be explained by higher content of acceptor
(YFP) fluorophore, which can thus give higher FRET signal
due to higher expression of the acceptor fluorophore itself.
The discrepancies due to correlation between donor/accep-
tor ratio and FRET ¢ may be avoided by filtering the results
and using data from only cells expressing a certain do-
nor/acceptor fluorophore ratio.

Regarding FRET,; values in different quality groups (Fig.
5, F-J), we clearly see an increase in FRET ; levels in the
worst quality group 2. In the negative control CFP + YFP,
we see dramatic artefact FRET ¢ value in the quality group
2 compared to quality group 1 and O (Fig. 5G). A similar re-
sult was observed in another control sample, CFP-STIM1 +
YFP-ORAII (Fig. 5H). In STIM1-CFP + YFP-ORAII sam-
ples with TG (Fig. 51) and without TG (Fig. 5J), FRET 4 in
quality group 2 was twice as high as in group 0 and 1. We
did not observe significant differences between quality
group 0 and 1 FRET s values, meaning that slight distur-
bance in the FRET ; pixel intensity Gaussian distribution
curve is tolerable while a poor quality pixel distribution
(Fig. 3) causes very significant artefacts by increasing
FRET 4 values.

Interestingly, we did not observe significant increase in the
positive control sample (CFP-YFP, Fig. 5F). The reason for
this may be that the FRET,; signal had already reached its
upper limit.

CONCLUSIONS

1. Optimal conditions for FRET experiments using a wide-
field fluorescence microscope require use of ND filters dur-
ing the preparation of cells for the FRET measurement in
order to avoid photo-bleaching.

2. The donor/acceptor fluorescence intensity ratio can con-
siderably influence FRET levels. The fluorophore ratio
must be taken into account when interpreting FRET results.
The most correct approach would be to choose only cells
expressing certain donor/acceptor fluorescence intensity ra-
tios for the analysis.

3. FRET pixel frequencies not conforming to Gaussian
distribution cause artefacts of elevated FRET ¢ values.
However, slight deviation from Gaussian distribution is tol-
erable.
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PLASA LAUKA FLUORESCENCES FRET SISTEMAS OPTIMIZACIJA ATSEVIgl,(U MOLEKULU MUJIEDARBIBAS PETIJUMIEM

Ferstera rezonanses energijas parneses (Forster Resonance Energy Transfer, FRET) metodei ir plass pielietojums misdienu zinatng
proteinu—proteinu mijiedarbibu un konformacijas izmainu pétijumos. FRET palidz raksturot molekularas mijiedarbibas, izmérot energijas
parnesi starp akceptora un donora fluoroforiem, kas pievienoti pétamajam molekulam. Metodei nepiecieSama Joti augsta precizitate
eksperimenta plano$ana un eksperimenta iestatijumos, ka ari pareiza datu interpretacija. Més test€jam vairakus FRET mérijumu precizitati
nosakosos parametrus Nikon plasa lauka fluorescences FRET sistéma. Eksperimenti tika veikti ar HEK-293 $anu liniju, kas transficéta ar
DNS konstruktiem CRAC (Calcium Release-Activated Channel) subvienibu proteinu STIM1 (ieziméts ar CFP (cianzilais fluorescentais
proteins) fluoroforu) un ORAII (ieziméts ar YFP (dzeltenais fluorescentais proteins) fluoroforu) ekspresijai. Ekspozicijas laiks un datu
analizes veids dazados eksperimentos atSkiras, lai optimizétu FRET datu kvalitati. Tika noteikta FRETeff vertibu atkariba no mérijumu
kvalitates un donora/akceptora fluoroforu gaismas intensitates proporcijas Stinas. Masu dati parada, ka, lietojot plasa lauka fluorescences
FRET sisteému, saisinata fluoroforu ekspozicija pirms mérijjumu veikSanas, izmantojot neitrala blivuma filtrus, butiski samazina nevélamo
fluoroforu izbalésanu. Pastav stipra korelacija starp CFP/YFP proporciju $tna un novérojamo FRET limeni, kas nozime, ka tikai $tnas ar
lidzvertigu donora/akceptora fluorofora proporciju var tikt salidzinatas. Meés ari paradam FRET artefaktus, kurus rada slikta FRET
mérijumu kvalitate, kas izteikta ka FRET pikselu atbilstiba normalsadalijumam. ZinaSanas, kas iegiitas Saja pétijuma, varétu but nozimigas,
lai aprobétu lidzigas plasa lauka fluorescences FRET sistémas, kuras tiek pétita divu atsevisku molekulu mijiedarbiba, un labak izprastu
precizu eksperimentu veidoSanu un datu interpretaciju.
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